Pregnancy complications and cardiovascular disease share some common determinants. It has previously been hypothesized that family history of cardiovascular disease would be associated with low birth weight. Records from 120,317 Scottish births, 1992-2006, were linked to hospital admission and death certificate data for 71,681 pairs of maternal grandparents. There was a negative relation between the birth weight of the baby and the risk of either grandparent's experiencing ischemic heart disease (for a 1-kg increase in birth weight, hazard ratio ¼ 0.86, 95% confidence interval: 0.83, 0.89) or cerebrovascular disease (hazard ratio ¼ 0.82, 95% confidence interval: 0.77, 0.87). Further analysis demonstrated that the associations were explained by increased risks of both delivering a small-for-gestational-age infant and delivering preterm among women whose parents had experienced cardiovascular disease. Adjustment for the mother's characteristics at the time of the birth attenuated the relation, but significant associations persisted: With a 1-kg increase in birth weight, the adjusted hazard ratio for ischemic heart disease ¼ 0.93 (95% confidence interval: 0.89, 0.96) and for cerebrovascular disease ¼ 0.93 (95% confidence interval: 0.89, 0.96). Familial aggregation of common determinants of pregnancy complications and cardiovascular disease is the likely explanation for the relation between an infant's birth weight and the risk of cardiovascular disease in other family members. birth weight; family health; fetal growth retardation; myocardial ischemia; pregnancy; premature birth; stroke; venous thromboembolism Abbreviations: ICD, International Classification of Diseases; SMR01, a registry of all general hospital admissions; SMR02, Scottish Morbidity Record.
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Pregnancy complications and cardiovascular disease share some common determinants. It has previously been hypothesized that family history of cardiovascular disease would be associated with low birth weight. Records from 120,317 Scottish births, 1992-2006, were linked to hospital admission and death certificate data for 71,681 pairs of maternal grandparents. There was a negative relation between the birth weight of the baby and the risk of either grandparent's experiencing ischemic heart disease (for a 1-kg increase in birth weight, hazard ratio ¼ 0.86, 95% confidence interval: 0.83, 0.89) or cerebrovascular disease (hazard ratio ¼ 0.82, 95% confidence interval: 0.77, 0.87). Further analysis demonstrated that the associations were explained by increased risks of both delivering a small-for-gestational-age infant and delivering preterm among women whose parents had experienced cardiovascular disease. Adjustment for the mother's characteristics at the time of the birth attenuated the relation, but significant associations persisted: With a 1-kg increase in birth weight, the adjusted hazard ratio for ischemic heart disease ¼ 0.93 (95% confidence interval: 0.89, 0.96) and for cerebrovascular disease ¼ 0.93 (95% confidence interval: 0.89, 0.96). Familial aggregation of common determinants of pregnancy complications and cardiovascular disease is the likely explanation for the relation between an infant's birth weight and the risk of cardiovascular disease in other family members. birth weight; family health; fetal growth retardation; myocardial ischemia; pregnancy; premature birth; stroke; venous thromboembolism Abbreviations: ICD, International Classification of Diseases; SMR01, a registry of all general hospital admissions; SMR02, Scottish Morbidity Record.
It has previously been shown that there is a strong relation between the birth weight of an infant and the mother's subsequent risk of ischemic heart disease (1-3). Others, as well as ourselves, have speculated that this may reflect common determinants of pregnancy complications and ischemic heart disease, which could be genetic, physiologic, environmental, or socioeconomic. Both genetic and nongenetic determinants of heart disease tend to persist within a family, a phenomenon known as familial aggregation (4) . Hence, if low birth weight and ischemic heart disease share common determinants, it would be predicted that the risk of cardiovascular disease would be increased in the grandparents of the low-birth-weight infant. We have previously analyzed self-reported family history of ischemic heart disease among 3,320 women with known outcome of a singleton pregnancy and found a trend toward increased risk of a family history among women with a history of a low-birthweight infant (5) . In the present study, we report the risk of death or hospital admission for ischemic heart disease, cerebrovascular disease, and venous thromboembolism in 71,681 pairs of maternal grandparents in relation to the birth weight of 120,317 singleton, liveborn grandchildren.
MATERIALS AND METHODS
The Information Services Division of the National Health Service in Scotland and the General Registrar's Office maintain a series of registries that provided the data sources for the present study. The Information Services Division maintains a registry of maternal, obstetric, and offspring characteristics relating to all births in Scotland, the Scottish Morbidity Record (SMR02), and a registry of all general hospital admissions (SMR01). The General Registrar's Office maintains a computerized registry of all births and deaths. Since 1967, the registry of births contained computerized records of the names and dates of birth of the infant and both parents. We linked the pregnancy record of the mother to the death and hospital admissions records of her parents (i.e., the grandparents of the infant) using the pregnant woman's own birth certificate as the common source of identifiers. Approval of the study was provided by the Privacy Advisory Committee of the Information Services Division. Analysis was performed in 2 ways, reflecting the fact that, in familial studies, the same event may be regarded as an event in one analysis and an exposure in another (4) . The primary analysis was the risk of cardiovascular disease in the maternal grandparents in relation to the birth weight of the infant. The secondary analysis was designed to explore the basis for any such association, as low birth weight can be a reflection of a reduced rate of fetal growth, earlier delivery, or a combination of both. Hence, in the secondary analysis, the outcomes were taken to be delivery of a small-forgestational-age infant or preterm birth, with the experience of disease in the grandparents as an exposure. In both analyses, we excluded maternity records where the pregnancy was a multiple birth, where the birth weight was less than 400 g, or where the gestational age at delivery was less than 24 weeks.
Record linkage
All records were linked by using the combination of full name and date of birth. Previous experience has indicated approximately 98% accuracy of linkage of records in Scotland with a probabilistic approach (6) . The Scottish Morbidity Record (SMR02) database yielded the maternal characteristics and the outcome of the pregnancy. Pregnancy records were obtained between 1992 and 2006. We confined analysis to records collected from 1992 onward, as smoking data began to be collected at this date. The SMR02 record included the mother's maiden name (i.e., her family name when she was born) and her own date of birth. This was used to link her pregnancy record to her own birth certificate. This linkage was, therefore, only possible for women who had been born in Scotland and where the mother's maiden name was documented in the SMR02 (this is not a compulsory field in the registry). The birth certificate was then used to obtain the names and dates of birth of the woman's mother and father. These details were then used to identify hospital admissions (SMR01) or deaths (General Registrar's Office death certificate database) for the woman's parents between 1981 and 2006 (inclusive). In order to maintain confidentiality, this part of the process was conducted by using a process of pseudorandomization (Web Figure 1) . (This information is described in the first of 2 supplementary figures; each is referred to as ''Web figure'' in the text and is posted on the Journal's website (http://aje .oxfordjournals.org/).) The final data set consisted, therefore, of the characteristics of the mother at the time of pregnancy, the outcome of the pregnancy, and the experience of hospital admission or death of the mother's parents. Throughout the paper, the mother's parents are referred to as the ''maternal grandparents.''
Definitions
The postal code of residence at the time of the pregnancy was used to derive Carstairs socioeconomic deprivation scores (7) . Parity was defined as the number of previous livebirths or stillbirths. Smoking was defined as the smoking status of the woman at the time of first attendance for antenatal care. Maternal height was measured in centimeters, and the value used was that documented in each woman's clinical record. Maternal age was defined as the age of the mother at the time of birth. Marital status was defined as married or unmarried. Gestational age at birth was defined as completed weeks of gestation on the basis of the estimated date of delivery in each woman's clinical record. Gestational age has been confirmed by ultrasound in the first half of pregnancy in more than 95% of women in the United Kingdom since the early 1990s (8) . Preterm birth was defined as birth before 37 weeks' gestation. Birth weight was classified into sex-and gestational age-specific percentiles derived from the study cohort. Small-for-gestational-age birth weight was defined as a birth weight in the smallest 5% for sex and week of gestational age at delivery. Preeclampsia was defined as the presence of an appropriate International Classification of Diseases (ICD), Ninth Revision, code 642.4 or 642.5 or ICD, Tenth Revision, diagnostic codes O140, O141, and O149 in the delivery record. Events in the maternal grandparents were defined on the basis of ICD codes listed in the principal position of the hospital record or death certificate. Ischemic heart disease was defined as either ICD, Ninth Revision, codes 410-414 or ICD, Tenth Revision, codes I20-25; cerebrovascular disease was defined as either ICD, Ninth Revision, codes 430-438 or ICD, Tenth Revision, codes I60-I69 or G45; and venous thromboembolism was defined as either ICD, Ninth Revision, code 453.8, 453.9, or 415.1 or ICD, Tenth Revision, code I82.8, I82.9, or I26.
Statistical analysis
Continuous variables were summarized by the median and interquartile range, and comparisons between groups were performed by using the Kruskal-Wallis test. Unadjusted comparisons of categorical data were performed by using the chi-square test and the test for trend, as appropriate. The P values for all hypothesis tests were 2 sided, and statistical significance was assumed at P < 0.05. Covariables with >5% missing values (height and smoking status) were imputed by using multiple imputation by chain equations (9) . Five imputations were created with a set of appropriate imputation models constructed from all covariables and all outcome variables (time-to-event outcome variables were log transformed). Almost identical results were obtained from analyses of the complete cases and using missing indicator variables for height and smoking status.
The risk of cardiovascular disease in each maternal grandparent was estimated by using a Cox proportional hazards model, with grandparental age as the time scale. The unit of analysis was the grandparent, and the birth weight of the grandchild was the exposure. Because the same grandparent entered the model multiple times, corresponding to the number of grandchildren in the data set, the analyses were clustered on the grandparental identifier to allow dependence between grandchildren for each grandparent (a pair of grandparents were assumed independent). This approach allowed for any pattern of dependence within the grandparent cluster. The risk of pregnancy ending in delivery of a small-for-gestational-age infant, preterm birth, or preeclampsia was assessed by using multivariable logistic regression analysis. The unit of analysis was the grandchild, and the exposure was history of disease in either grandparent up to the end of 2006. Analyses were clustered on the pairs of grandparents to allow dependence between grandchildren with the same set of grandparents. All analyses of pregnancy outcome were adjusted for both grandparents' age at censoring, as the design of the study is such that the length of available follow-up on the grandparent varies, and this is clearly a major determinant of the risk of an event. The statistical significance of interaction terms was assessed by using the Wald test. In the multiple imputation and logistic regression models, all categorical covariables were modeled by dummy variables. Maternal age, height, and birth weight percentile were all treated continuously in the regression models. All available maternal characteristics were included in multivariable analyses. Assessment of linearity was performed by using fractional polynomials in the observed data (i.e., not the imputed data for height). All statistical analyses were performed by using STATA, version 10.1, software (StataCorp LP, College Station, Texas).
RESULTS
We were able to link 130,904 SMR02 records to the mother's birth certificate. A total of 8,413 records had missing name and/or date of birth of 1 or both parents in the birth certificate, leaving 122,491 pregnancy records with complete data on grandparental identifiers. A total of 2,174 records were excluded as they included 1 or more of the following: multiple births (n ¼ 1,043, 0.85%); antepartum or intrapartum stillbirth (n ¼ 573, 0.5%); birth weight less than 400 g (n ¼ 47, <0.01%); gestational age outside the range 24-43 weeks (n ¼ 75, <0.01%); or missing maternal age, deprivation category, birth weight, gestational age, or sex (n ¼ 519, 0.5%). The final linked data set consisted of 120,317 pregnancy records from a total of 78,294 women, with hospital admission and death data on 71,681 pairs of maternal grandparents.
When tabulated by the maternal characteristics at the time of the first eligible recorded pregnancy, grandparental history of both ischemic heart disease and cerebrovascular disease was positively associated with the mother's age at the time of delivery, her being married, her Carstairs category of socioeconomic deprivation, smoking and parity, and preterm birth (Table 1) . Grandparental history of both ischemic heart disease and cerebrovascular disease was negatively associated with the mother's height, the gestational age at delivery, and the birth weight of the infant. The unadjusted grandparental rates of ischemic heart disease and cerebrovascular disease are plotted against birth weight category (Figure 1) . The median age of grandparents at censoring who had no history of disease was 53 years, the interquartile range was 49-57, and the 90th percentile was 61. As they were followed up for 26 years, 90% of the group were aged 35 years or less at the time when their cardiovascular events started to be identified. Hence, only a small number of events would have been missed because of left truncation.
A 1-kg increase in the birth weight of the infant was associated with a 14% decrease in the grandparental risk of ischemic heart disease ( Table 2 ) and an 18% decrease in the grandparental risk of cerebrovascular disease (Table 3) . Adjustment for the maternal characteristics at the time of birth reduced the associations to 7% and 11%, respectively. Other maternal characteristics at the time of birth were also associated with grandparental risk of disease in multivariable analysis. Grandparental risk of both ischemic heart disease and cerebrovascular disease was positively associated with the mother's Carstairs socioeconomic deprivation category, smoking, and parity, and it was negatively associated with the mother's age and height at the time of the delivery. There was no association between the birth weight of the infant and the grandparental risk of venous thromboembolism (Table 4) , although this outcome was positively associated with the mother's Carstairs socioeconomic deprivation category and parity at the time of the birth. There was no evidence that the association between birth weight and either ischemic heart disease or cerebrovascular disease significantly varied according to maternal age, marital status, deprivation category, height, smoking status, or parity (Web Figure 2) .
The risk of delivery of a small-for-gestational-age infant, preterm delivery, and preeclampsia was then analyzed in relation to the maternal grandparents' experience of cardiovascular disease. The odds of delivering a small-forgestational-age infant were increased by 19% where either maternal grandparent had experienced ischemic heart disease and by 33% where either had experienced cerebrovascular disease (Table 5 ). These associations were attenuated by about one-half and one-third, respectively, following adjustment for the maternal characteristics at the time of birth. The odds of delivering preterm were increased by 12% where either maternal grandparent had experienced ischemic heart disease and by 23% where either had experienced cerebrovascular disease (Table 5 ). These associations were attenuated by about one-third and one-fifth, respectively, following adjustment for the maternal characteristics at the time of birth. The odds of preeclampsia were increased only in multivariable analysis in association with grandparental ischemic heart disease ( Table 5 ). This association may have been masked in unadjusted analysis by negative confounding by smoking, given the protective effect of smoking on the risk of preeclampsia (10) and its positive association with the risk of ischemic heart disease (11). There was no association between grandparental experience of venous thromboembolism and any of the obstetric outcomes.
DISCUSSION
The main finding of the current analysis is that increased birth weight of the infant was associated with a decreased risk of death or hospital admission from cardiovascular disease in the maternal grandparents. For each 1-kg increase in birth weight, the grandparental risk of ischemic heart disease declined by 14%, and the risk of cerebrovascular disease declined by 18%. Adjustment for the maternal characteristics at the time of birth reduced the associations to 7% and 11%, respectively. Previous studies have also demonstrated associations between an individual's birth weight and his/her personal risk of ischemic heart disease in later life, estimated as a 16% reduction in the odds of ischemic heart disease for each 1-kg increase in birth weight (12) . In a previous analysis using record linkage of routinely collected data from Scotland, we also demonstrated a strong association between the birth weight of the infant and the mother's risk of ischemic heart disease in the next 15-20 years (2) , and this has also been observed in other populations (1, 13) . Hence, low birth weight is associated with an increased risk of cardiovascular disease for the individual, his/her parents, and his/her maternal grandparents. The findings are analogous with the relation between family history of type 2 diabetes mellitus and gestational diabetes. The latter association does not reflect a direct effect of a diagnosis of diabetes mellitus in a relative on the risk of gestational diabetes in a pregnant woman. Rather, it reflects a common dependence of both outcomes on insulin resistance. Similarly, we infer that factors leading to ischemic heart disease and cerebrovascular disease also lead to pregnancy complications resulting in low birth weight. We speculate that familial aggregation of these factors leads to associations between birth weight and the risk of cardiovascular disease in all members of a family. Analysis of the association by birth weight allowed direct comparison with other related studies, but this did not resolve which of the 2 main determinants of birth weight (the rate of fetal growth during pregnancy and the gestational age at birth) accounted for the association. We observed that grandparental experience of cardiovascular disease was associated with both an increased risk of delivery of a smallfor-gestational-age infant and an increased risk of preterm birth. These associations were variably explained by other maternal characteristics. The persistence of associations between pregnancy outcome and grandparental experience of disease in multivariable analysis could simply reflect the effect of unmeasured socioeconomic and environmental factors. It could also reflect the effect of common genetic risk factors for pregnancy complications and ischemic heart disease. For example, previous studies have demonstrated an inverse relation between parental blood pressure and the birth weight of the infant (14, 15) . It is possible that grandparental carriage of a genetic predisposition toward hypertension could lead to an increased risk of cardiovascular disease in the individual and that passing the allele on to the daughter could lead to an increased risk of her delivering a low-birth-weight infant. Thrombophilic mutations are another candidate genetic link, as these are associated with both cardiovascular disease (16, 17) and pregnancy complications (18) . However, we observed no relation between the birth weight of the infant and the grandparental incidence of venous thromboembolism despite the fact that these mutations are strongly associated with the risk of venous thromboembolism (18) .
We had previously analyzed data from over 3,000 women, relating pregnancy complications ascertained through the SMR02 and the woman's self-reported family history of ischemic heart disease using data from a cohort study (5) . We described a similar association between low birth weight and family history of ischemic heart disease, although this was of borderline statistical significance, given the small numbers. The present study has a number of strengths over the previous study. First, we had similarly detailed information on pregnancy complications but had data available from more than 100,000 births. Second, ascertainment of grandparental history of disease was performed by record linkage to national registries. This precluded the possibility of recall bias. Moreover, we were able also to study the relation between birth weight and the risk of other cardiovascular conditions in the maternal grandparents, such as cerebrovascular disease and venous thromboembolism. Finally, the likelihood of a positive family history of disease also depends on the age of the relatives. Use of the Cox model to quantify the risk of events in the grandparents allowed us to account directly for variation in the age of the maternal grandparents. The current study also had a number of weaknesses. First, we relied on registry-based classification of both exposures and events. Hence, smoking status is self-reported and not validated by cotinine assay. Moreover, definition of both grandparental disease and pregnancy complications may be prone to error. For example, preeclampsia is ascertained only by ICD codes, and we have no information on the criteria for the diagnosis. Similarly, we do not have access to the results of tests used to diagnose cardiovascular disease, such as troponin or electrocardiogram for ischemic heart disease, neuroimaging for cerebrovascular disease, and venography and angiography for venous thromboembolism. Furthermore, record linkage could only be performed for women who had been born in Scotland and where the maiden name was recorded in the SMR02. As this was not a mandatory field in the SMR02, the linkage systematically favored unmarried women. Moreover, the computerized registry of births was available only for births since 1967. Therefore, the linkage design was constrained to a maximum maternal age of 39 years (i.e., a woman born in 1967 who had a birth in 2006). Hence, the linkage also favored inclusion of younger women. Consequently, the cohort is not a random or, indeed, a representative sample of the Scottish population. At the time of the first eligible pregnancy, the median age was 20 years, and approximately 90% of the women were unmarried. Compared with another cohort of livebirths in Scotland in 1992-2001 (19) , the current cohort also had higher proportions of smoking and preterm birth and lower median birth weights. In order to address the possibility that the association may vary according to the nature of the population studied, the repeated analysis was stratifying by the mother's characteristics at the time of birth (Web Figure 2) . This demonstrated that the association between birth weight and the risk of cardiovascular disease in the maternal grandparents was similar across strata of maternal age, marital status, socioeconomic deprivation, height, smoking status, and parity. Nevertheless, the selected nature of the current cohort may mean that the experience of cardiovascular disease in their family members may differ compared with other populations. However, our findings are also consistent with other analyses. A number of studies have also reported associations between a family history of cardiovascular disease and the risk of preeclampsia (20) (21) (22) (23) , and the present analysis also demonstrated an association between preeclampsia and grandparental ischemic heart disease. Furthermore, a previous study examined a cohort of parents of women who experienced preeclampsia and intrauterine growth restriction, and they were found to exhibit abnormalities of glycemic control, anthropometry, blood pressure, and low density lipoprotein (24) .
The analysis also revealed associations between the mother's other characteristics and her parents' experience of disease, although interpretation of these findings should be cautious as these were secondary analyses. There were striking associations between the Carstairs socioeconomic category of the woman's area of residence at the time of the pregnancy and the risk of cardiovascular disease in her parents, with the difference in the risk of the 3 outcomes studied varying up to 5-fold across the range of deprivation category. Similarly, maternal smoking and short stature were associated with an increased risk of ischemic heart disease and cerebrovascular disease in her parents. Socioeconomic deprivation, smoking, and short stature are all risk factors for ischemic heart disease in women (11, 25, 26) . These observations support the concept that familial aggregation of demographic and environmental risk factors may explain a proportion of the familial aggregation of cardiovascular disease. Interestingly, there was a positive association between a woman's parity and her parents' risk of cardiovascular disease. Previous studies have indicated a positive association between number of pregnancies and personal risk of ischemic heart disease (27) , and it has been speculated that this could be a direct effect of pregnancy. However, the association between higher parity and parental risk of disease could not plausibly be explained by a direct effect of the pregnancy. Hence, the present observation is supportive of the view that high parity may be associated with the risk of ischemic heart disease by a noncausal mechanism (28) .
